Introduction generated as described before (16) . All CTR constructs were compared with the wildtype CTR with respect to ligand binding, phosphorylation after ligand stimulation, and cAMP generation and were found to be indistinguishable. A fragment spanning the seventh transmembrane domain and the C-terminal tail of the receptor (aa 373-474) was cloned between the Hind III and Kpn I sites of the p3XFLAG-CMV-13 vector after generation by PCR. The same was done for the Cterminal tail without the seventh transmembrane domain (aa 397-474). A filamin fragment spanning the immunoglobulin-like repeats 20-23, obtained from a construct encoding the human filamin cDNA (gift of Dr. John Hartwig, Harvard University) was cloned in the Xba I/ BamH I sites of the pcDNA4HisMaxA vector (Invitrogen). All PCR-derived constructs were sequenced by the Yale Keck Sequencing facility. The HA-tagged β 2 -adrenergic receptor was a gift of Dr.
Brian Kobilka (Stamford University).
Yeast two-hybrid screening -A cDNA encoding the C-terminal tail of the rabbit CTR (aa 397-474) was cloned in the bait vector pBTM116 and used to screen a mouse osteoclast-like library in pASV4, as described before (17) . The DNA of the colonies that were positive for both reporter assays was extracted and transformed in E.coli, strain DH5α. The library plasmid was isolated, amplified and retransformed in L40 cells already containing the bait plasmid to confirm the positive result.
Co-immunoprecipitation and Western blotting -Cells were lysed in mRIPA buffer (50 mM TrisHCl, pH 7.5, 150 mM NaCl, 0.1% IGEPAL, 1% sodium deoxycholate, 10 mM NaF, 1 µg/ml pepstatin and 1 mM PMSF) and incubated at 4°C for 30 min. Lysates were then centrifuged for 30 min at 4°C, 16,000 g, the protein concentrations were measured with the BCA protein assay kit (Pierce, Rockford, IL) and equal amounts of protein were used for immunoprecipitation. 30 µl of protein-G agarose slurry and typically 5 µg of antibody were suspended in 500 µl PBS and incubated for one hour at 4°C. The beads were washed three times in mRIPA buffer, then 500 µg by guest on http://www.jbc.org/ Downloaded from FILAMIN CONTROLS RECYCLING OF A GPCR 8 of lysate protein and BSA (0.2% w/v) were added and the mix was incubated for 2 h at 4°C. The immune complexes on the beads were washed four times with washing buffer containing 500 mM NaCl and 0.1% Triton X-100, and once with PBS. Beads were boiled in 2×SDS-PAGE buffer and samples were electrophoresed on precast 10% SDS-PAGE gels (Invitrogen). Proteins were transferred onto nitrocellulose. Non-specific binding was blocked by incubating the membranes in 5 % non-fat milk in TBST buffer (50 mM Tris-HCl, pH 7.5, 150 mM NaCl, 0.1% Tween 20) for 1 h. Membranes were incubated in the primary antibody for 2 h, washed 3 times for 15 min in TBST and incubated for 1 h in 1:10,000 diluted horseradish peroxidase-conjugated anti-mouse IgG or anti-rabbit IgG antibody (Promega). Blots were developed using the enhanced chemiluminescence system from Amersham.
Measurement of receptor cell surface expression and endocytosis using FACS -
The surface expression of the CTR was measured by fluorescence activated cell sorter (FACS) analysis. Cells in 6 well plates were trypsinized and the trypsin activity was neutralized by addition of growth medium containing 10% dialysed FBS. Cells were collected by centrifugation at 800g for 3 min.
The cell pellet was resuspended in 100 µl ice-cold PBS. Usually about 3×10 5 cells were used for each experiment. Normal goat IgG was added to a final concentration of 200 µg/ml. After 10 min incubation, the anti-HA antibody was added to final concentration of 10 µg/ml.
To measure cell surface expression, a 30 min incubation step was followed by resuspending cells in 100 µl PBS containing 50 µg/ml phycoerythrin (PE)-conjugated goat anti-mouse IgG antibody (Molecular Probes). After a final washing step, cells were resuspended in PBS containing 2%
formaldehyde to fix the sample. Bound antibody was analysed by fluorescence flow cytometry To measure receptor endocytosis, a 30 min incubation step at 4°C was followed by two washes in 100 µl ice-cold PBS. The washed cells were resuspended in ice-cold DMEM, with or without 10 nM sCT. Cells were then quickly warmed to 37°C in a water bath to allow endocytosis of the receptor for different time periods. Cells were then cooled to 4°C, centrifuged and resuspended in ice-cold PBS containing 50 µg/ml phycoerythrin (PE)-conjugated goat anti-mouse IgG antibody (Molecular Probes). After a final washing step, cells were resuspended in PBS containing 2%
formaldehyde to fix the sample, and bound antibody was analyzed by flow cytometry.
Analysis of receptor recycling using FACS -Cells were prepared as described for the internalization assay, except that cells were incubated for 30 min at 37°C in the presence of the anti-HA antibody to allow endocytosis of the CTR with the bound antibody. After cooling to 4°C, cells were incubated with an acid strip solution (0.2 M acetic acid, 0.5 M NaCl, pH 3) for 3 min to remove the surface-bound antibody. The acid strip reduced the amount of PE-conjugated secondary antibody binding to levels similar to controls without anti-HA antibody. Cells were then warmed to 37°C for different time periods to allow recycling of the CTR. PE-staining and FACS analysis were performed as described above.
Analysis of receptor endocytosis using cleavable biotin -CTR-transfected cells in 10 cm dishes
were washed twice with ice-cold PBS and incubated with 0.5 mg/ml sulfo-NHS-S-S-biotin (Pierce) in PBS for 30 minutes at 4°C to biotinylate cell surface proteins. Excess biotin was quenched by incubating in Tris-HCl, pH 7.4, (final concentration 50 mM) for 10 min at 4°C.
Cells were transferred to medium prewarmed to 37°C with or without 10 nM sCT and incubated at 37°C for various times to allow endocytosis of the receptor, then chilled on ice to stop endocytosis. Biotin was cleaved from proteins on the cell surface by washing cells twice at 4°C
with 50 mM gluthathione, 75 mM NaCl, 75 mM NaOH, 10% FBS. The gel was dried in a gel dryer at 80°C for 2 hours and exposed to Kodak MR X-ray film for at least 24 h. The X-ray film was scanned and the intensity of the corresponding bands was quantified using the NIH Scion Image 1.62c software, checking that the bands of interest were in the linear range of the X-ray film. 
Results
The calcitonin receptor undergoes tonic endocytosis and recycling back to the cell surface
To study the ligand-independent and ligand-induced endocytosis of the CTR, we transfected HEK-293 cells with the CTR-FLAG construct and surface-labeled the cells with a cleavable biotin compound. Internalization of the receptor was allowed to proceed for different time periods, and the biotin remaining on the cell surface was stripped. The cells were lysed and the FLAG-tagged CTR were immunoprecipitated and blotted with avidin ( Figure 1A ) to detect the endocytosed CTR. We found that a substantial fraction of the CTR was internalized in the absence of ligand, whereas the presence of CT caused only a slightly higher amount of CTR span the primary binding site for filamin, but that other more proximal regions could be also contributing to stabilizing the filamin-CTR association.
To show that the interaction of the CTR and filamin occurs in mammalian cells, we immunoprecipitated C-terminally FLAG-tagged CTR from HEK 293 cells and blotted for filamin ( Figure 3C ) or immunoprecipitated endogenous filamin and blotted for FLAG (data not shown).
Both proteins were present in the immune complexes, regardless of the antibody used in the isolation, confirming an interaction of filamin and the CTR in mammalian cells. Treating the cells with sCT had no detectable effect on the amount of filamin that co-immunoprecipitated with the CTR (Figure 3C ), indicating that the association between the CTR and filamin is not regulated by CTR-induced signaling effectors.
To further confirm the CTR-filamin interaction, we examined the effect of overexpressing xpress-tagged filamin repeats 20 to 23, the FLAG-tagged CTR cytoplasmic tail, or the FLAGtagged CTR cytoplasmic tail plus 7 th transmembrane domain on the interaction between the full length CTR and filamin. Each of the fragments strongly reduced the co-immunoprecipitation of endogenous filamin with the myc-tagged CTR ( Figure 3D ).
The interaction of the calcitonin receptor with filamin reduces the degradation of the receptor
To investigate the functional relevance of the association between filamin and the CTR we However, Western blots indicated that there was less CTR in the M2 cells than in the A7 cells ( Figure 4A ) and both confocal microscopy ( Figure 4B ) and FACS analysis ( Figure 4C 
Filamin is required for efficient recycling of the calcitonin receptor
The increased degradation of the CTR in the absence of its association with filamin could result from an increased rate of tonic endocytosis of the CTR. Flow cytometric analysis ( Figure   5A ) clearly showed similar ligand-independent internalization in both M2 and A7 cells. We next absence of filamin. The more rapid degradation of the CTR in the absence of filamin may therefore be related due to a reduced efficiency of recycling from the perinuclear vesicles.
Calcitonin affects the degradation of its receptor by inhibiting filamin proteolysis
Our initial results ( Figure 1C ) suggested that CT promoted the recycling of the internalized CTR to the cell surface. We considered the possibility that CTR signaling specifically promotes the filamin-dependent recycling of the internalized CTR, thereby protecting it from degradation.
We therefore determined how CT treatment affected the degradation of pulse-labeled CTRs in A7
and M2 cells. Exposing the cells to 10 nM CT resulted in about 30% decrease in the amount of degradation in the filamin-containing A7 cells, but had no significant effect on the degradation in the filamin-free M2 cells ( Figure 7A ). The calpain inhibitor calpeptin also reduced the rate of degradation of the pulse-labeled CTR in the A7 cells, but not in M2 cells ( Figure 7A ). Together these results suggest that constitutive calpain-catalyzed cleavage of filamin occurs at a low rate, and that inhibiting that cleavage reduces CTR degradation in a filamin-dependent manner. 
Discussion
While numerous studies have provided detailed information on the molecular mechanisms of endocytosis of GPCRs (23), much less is known about the endosomal sorting and recycling of these receptors. The mechanisms involved in tonic receptor internalization and recycling, which is observed for a growing number of GPCRs (7) (8) (9) (10) (11) (12) (13) (14) , are of particular interest because efficient sorting and recycling of the internalized receptor is required in order to avoid extensive degradation of the receptor and to maintain appropriate numbers of receptors at the cell surface.
The sorting of tonically endocytosed receptors also provides a mechanism by which cells regulate the level of surface expression of these receptors.
In this paper we show that the CTR is constitutively internalized and recycles to the cell surface. Our results offer insight into several aspects of CTR internalization and recycling. CTR recycling is decreased and its degradation is increased when the CTR cannot bind filamin. In filamin-containing cells, the CTR appears to be recycled through a population of perinuclear vesicles that also stain for the transferrin receptor.
Several different experiments suggest that the transit time for internalized receptors to return to the surface is about 10 min. Both the loss of antibody-decorated CTR from the cell surface and the reappearance of antibody-decorated CTR after acid wash approach a steady state at this time, and the decrease in surface membrane fluorescence in the FLIP experiment, which reflects the insertion of bleached receptors at the surface, begins 8 to 10 min after the initial photobleaching.
In addition, the steady state levels of antibody-decorated CTR in the internalization experiments (40-60% of initial levels, Figure 1B The dopamine D2 and D3 receptors (29, 30) , and the calcium sensing receptor (31,32) have also been reported to interact with filamin. Interestingly, the functional consequences of the association seem to be different for the individual GPCRs. For the G i -coupled D2 receptor, there was less inhibition of adenylyl cyclase reported in the absence of filamin (29), possibly because the receptor was inefficiently expressed on the cell surface of filamin-free cells (30) . In the case of the calcium sensing receptor, the absence of filamin or the disruption of the interaction with the receptor abolishes Erk phosphorylation. We failed to find a difference in the CTR-induced Erk phosphorylation in M2 and A7 cells. Differences in the MAPK-activation pathways for the two receptors might underlie these different responses.
In conclusion, the CTR is tonically endocytosed and recycled to the cell surface via a mechanism that depends in part on an interaction between the CTR and filamin. Since receptor The association of the C-terminal tail of the receptor to filamin is necessary for efficient recycling of the CTR to the cell surface.
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